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Abstract

Development of an increasingly detailed understanding of the eucaryotic mitochondrial ATP synthase requires a detailed
knowledge of the stoichiometry, structure and function of F0 sector subunits in the contexts of the proton channel and the
stator stalk. Still to be resolved are the precise locations and roles of other supernumerary subunits present in mitochondrial
ATP synthase complexes, but not found in the bacterial or chloroplast enzymes. The highly developed system of molecular
genetic manipulation available in the yeast Saccharomyces cerevisiae, a unicellular eucaryote, permits testing for gene
function based on the effects of gene disruption or deletion. In addition, the genes encoding ATP synthase subunits can be
manipulated to introduce specific amino acids at desired positions within a subunit, or to add epitope or affinity tags at the
C-terminus, enabling questions of stoichiometry, structure and function to be addressed. Newly emerging technologies, such
as fusions of subunits with GFP are being applied to probe the dynamic interactions within mitochondrial ATP synthase,
between ATP synthase complexes, and between ATP synthase and other mitochondrial enzyme complexes. ß 2000 Elsevier
Science B.V. All rights reserved.

Keywords: Yeast mitochondrial ATP synthase; F0 subunit organization; Proton channel; Stator stalk; Stoichiometry;
Green £uorescent protein fusion

1. Introduction

Recent advances in our understanding of the F1F0-
ATP synthase complex have led to its being de-
scribed as a `remarkable molecular machine' [1]. Im-
portant progress has been made concerning the mo-
lecular structure of F1 and the rotatory mechanism
of ATP synthesis. A largely complete crystal struc-

ture of bovine F1 K3L3Q has been solved by Abra-
hams et al. [2]. Moreover, the rotation of bacterial
subunit Q and chloroplast subunit A, each of which
has a mitochondrial homologue (subunit Q and N,
respectively), inside the K3L3 hexamer during cataly-
sis has been unequivocally demonstrated [3,4]. Not-
withstanding these advances, much remains to be
discovered about the molecular structure and contri-
bution to the mechanism of the remainder of the
complex. The `classical' view of ATP synthase has
traditionally been of the catalytic F1 sector con-
nected by a central stalk to the membrane F0 sector.
Although this basic structural arrangement is main-
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tained for bacterial, chloroplast and mitochondrial
complexes, it is now recognised that there exists a
second `stator' stalk that links F1 with the membrane
[5^7]. Furthermore, an increasingly large number of
subunits supernumerary to those found in bacteria
and chloroplasts (¢ve F1 subunits and three F0 sub-
units; see below) are being identi¢ed in mitochon-
drial ATP synthase (mtATPase) complexes. Thus,
the next phase of understanding ATP synthase re-
quires a detailed knowledge of the stoichiometry,
structure and function of F0 sector subunits in the
following contexts: the proton channel, the stator
stalk, and the precise location and role of the super-
numerary subunits present in mtATPase complexes.

The yeast, Saccharomyces cerevisiae, provides an
attractive system for the analysis of mtATPase. The
highly developed system of molecular genetic manip-
ulation available in this unicellular eucaryote permits
the genes for subunits of ATP synthase to be manip-
ulated and questions of stoichiometry, structure and
function to be addressed. Indeed, it is in the yeast
system that the largest number of supernumerary
subunits has been identi¢ed to date. This review fo-
cuses on recent advances on understanding F0 gained
by study of yeast mtATPase.

2. Classi¢cation of F0 subunits in mtATPase

F1 has long been de¢ned as consisting of the ¢ve
subunits denoted K, L, Q, N and A in bacteria, chloro-
plasts and mitochondria. Although Nagley [8] intro-
duced the classi¢cation FA for yeast mtATPase, to
encompass non-F1 subunits that were not integral
membrane proteins, it is now more generally consid-
ered that the non-F1 subunits in mtATPase are all
classi¢ed as belonging to the F0 sector irrespective of
the extent of their association with the membrane. As
indicated above, the F0 sector is more complex in
eucaryotic mtATPase than in bacteria. In yeast, the
F0 sector is composed of at least nine polypeptides
which are nucleus-encoded: b, OSCP, d, e, f, g, h, i/j
(the nomenclature i/j is used to indicate that the same
subunit has been denoted i by Vaillier et al. [9] and j
by Arnold et al. [10]) and k, together with three sub-
units, 6, 8 and 9, which are mitochondrion-encoded
(Table 1). Of this large F0 subunit complement, only
three, subunits b, 6 and 9, have homologues in the

bacterial enzyme (denoted b, a and c, respectively;
Table 1). Homologues of some, but not all, the yeast
proteins have been described for bovine mtATPase
including subunits 8 (denoted A6L), b, OSCP, d, e, f
and g. The bovine enzyme also includes subunit F6

for which no homologue has been found in yeast,
bacteria or chloroplasts (Table 1).

In the bacterial complex, the three F0 subunits a, b
and c are all are membrane-associated. In yeast
mtATPase, a membrane location has been proposed
for all of the numerous F0 subunits that have been
characterised, except for OSCP, d and k. It is more
informative, however, to consider these subunits,
where possible, in terms of function (either estab-
lished or postulated). Thus, in Table 1, subunits are
grouped as follows.

(a) Proton channel. This group comprises the mem-
brane integral proteolipids subunits 6 and 9. Sub-
units 6 and 9 (homologues of bacterial subunits a
and c, respectively) have long been considered to
be components of the proton channel [8] and the
evidence will be only brie£y reviewed here.

(b) Unassigned requirement for function. This group
includes seven subunits and these are discussed as
follows:

(1) Subunit 8, like subunits 6 and 9, is a proteo-
lipid, integral membrane protein. The application of
allotopic expression [29] has permitted a unique
study of this mitochondrion-encoded subunit aimed
at elucidating its functional role, and its topology in
the inner mitochondrial membrane.

(2) Subunits b, OSCP and d. These subunits are
proposed as components of the stator stalk in yeast
[30] based on analogies drawn with the bacterial sys-
tem together with consideration of di¡erences in F0

subunit stoichiometry and complexity between bac-
teria and yeast. Note that this classi¢cation would
suggest that subunit N of bacteria and chloroplasts,
now shown to be a component of the stator stalk (see
Section 4.3) raises the question as to whether this
subunit ought to be continued to be classi¢ed as
belonging to the catalytic F1 sector in these organ-
isms.

(3) Subunits f [17] and h [18] have been demon-
strated by gene disruption to be essential for assem-
bly and function of the complex. The situation is not
clear for subunit i/j with two con£icting reports pre-
sented to date (see below). At present, there is insuf-
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Table 1
F0 subunit composition, genetic speci¢cation and stoichiometry of yeast mitochondrial ATP synthase

Yeast Yeast genea E. coli homologue Bovine
homologue

Stoichiometryb Subunit size
(aa residues)c

Apparent mass
(kDa)d

Actual mass
(kDa)d

Proton
channel

6 ATP6M (oli2) Subunit a Subunit 6 1 249 20 27.9

9 ATP9M (oli1) Subunit c Subunit 9 12 76 3.5 7.8

Unassigned requirement for function
Subunit 8 8 ATP8M (aap1) ^ A6L 1 48 5.8 5.9
Stator stalk b (4) ATP4 Subunit b Subunit b 1 209 25 23.3

OSCP (5) ATP5 Ne OSCP 1 195 20 20.9
d (7) ATP7 ^ Subunit d 1 173 18 19.7

Subunits
f, h, i/j

f ATP17 ^ Subunit f 1 95 12 10.6

h ATP14 ^ ? ? 92 15 9.5
i/j ATP18 ^ ? ? 59 10 6.7

Inter-complex e ATP21/TIM11 ^ Subunit e 2 per dimer 96 12 10.9
Interactions g ATP20 ^ Subunit g 2 per dimer 115 11 12.8

k ATP19 ^ ? ? 68 ? 7.5

Inhibitor complex Inh1p INH1 ^ INH 1 63 10 7.4
9 kDa STF1 ^ ^ 1 63 9 7.3
15 kDa STF2 ^ ^ 1 84 15 9.5

(Mammalian) ^ ^ ^ F6 2 77 9 8.9

Subunits are groups according to current understanding of function. Homologues present in E. coli or the bovine complexes are indicated; the single subunit present
in the bovine complex without a homologue in yeast or bacteria is also listed.
aGenes located in the mitochondrial genome are designated by `M'. References for the individual genes are: ATP6 (oli2), [11]; ATP8 (aap1), [12]; ATP9 (oli1), [13];
ATP4, [14] ; ATP5, [15] ; ATP7, [16] ; ATP17, [17] ; ATP14, [18] ; ATP18, [9,10]; ATP21/TIM11, [19,20]; ATP20, [21^23]; ATP19, [22] ; INH1, [24] ; STF1, [25] ; STF2,
[26] ; F6, [27].
bAfter Cox et al. [28] plus references cited here.
cThe size of the mature yeast subunit is given (in amino acid residues). Nearly all nucleus-encoded subunits are synthesised in the cytosol as precursors that include
an N-terminal targeting sequence, that is removed by proteolytic cleavage after import into the mitochondria. Exceptions here are subunits d, i/j and the 15-kDa pro-
tein, which are believed to contain internal, non-cleavable targeting sequences. However, subunit d and the 15-kDa protein are processed to remove the N-terminal
methionine residue.
dSubunit masses shown indicate apparent mass as determined by SDS-PAGE analysis, as well as the actual size as determined from nucleic acid or amino acid se-
quences.
eSubunit N has historically been classi¢ed as a component of the catalytic F1 sector (see note on this point in the text under b(2) in Section 2
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¢cient information to suggest the function of any of
these subunits in mtATPase.

(c) Inter-complex interactions. This group repre-
sents a new class of subunits including subunits e,
g and k. Studies by Stuart and colleagues [22] suggest
all three subunits are involved in formation and
stability of mtATPase dimers. It is noteworthy that
subunits in this group do not satisfy the traditional
de¢nition of a mtATPase subunit since upon disrup-
tion of the relevant gene, cells do not have the `clas-
sical' phenotype of respiratory de¢ciency on non-fer-
mentable growth substrates. Moreover, our studies
implicate subunit g in interactions between mtATP-
ase and cytochrome c oxidase [23].

(d) Inhibitor complex. This group includes three
proteins, Inh1p, Stf1p (9-kDa stabilising factor)
and Stf2p (15-kDa stabilising factor). These proteins
have been reviewed elsewhere [31] and are not con-
sidered further here.

3. The proton channel subunits 6 and 9

3.1. Subunit 6

Yeast subunit 6 (Y6) is the largest of the three
mitochondrially encoded and synthesised proteolip-
ids. The primary translation product of 259 amino
acid residues is post-translationally cleaved after res-
idue Thr-10 [32]. Analysis of hydropathy plots and
structural predictions of Y6 have suggested the pres-
ence of at least ¢ve hydrophobic K-helices believed to
be transmembrane spanning regions [8]. Similar pre-
dictions were made for the bacterial homologue of
Y6, subunit a [28], and subsequently explicitly dem-
onstrated [33,34], although other studies have pre-
sented evidence for four to eight transmembrane
stems [35^37]. For the remainder of this discussion,
Y6 will be considered as a protein having ¢ve trans-
membrane domains. In this case, the topology for Y6
would be such that the N-terminus protrudes into
the inner membrane space and the C-terminus into
the matrix. Experimental support for this topology is
limited, but is consistent with the substitution by Lys
of the C-terminal residue Thr-248 (in a naturally
occurring mutant) having been shown to interfere
with the coupling of mtATPase proton translocation
to ATP synthesis [38]. Presumably an interaction

with one or more residues from F1 proteins is per-
turbed. More recently, crosslinking experiments have
shown a disul¢de bridge can be formed between a
cysteine residue introduced at residue 54 of subunit b
and Cys-33 of Y6 [39].

Two helices of the ¢ve transmembrane helices of
Y6, designated h4 and h5, are well conserved across
species and contain those residues considered to be
involved in proton translocation as shown by de-
tailed studies on bacterial subunit a (for reviews see
[8,36,40]). Thus, residue Arg-186 of Y6 (R210 in sub-
unit a) is likely to play a role in H� translocation.
Other residues predicted to be involved in the process
of H� translocation include His-195 (Glu-219 in sub-
unit a) and Glu-233 (His-245 in subunit a) which are
in close proximity being located on h4 and h5, re-
spectively. Amino acid substitutions occurring in
these regions of Y6 led to cells having an oligomy-
cin-resistant phenotype. This phenotype of the Y6
mutants suggests a functional interaction between
the C-terminal region (helices 4 and 5) of Y6 and
the two transmembrane domains of Y9 (see [8]),
such that the oligomycin binding site encompasses
both subunits 9 and 6.

Mutant yeast strains speci¢cally lacking expression
of Y6 fail to assemble subunits b and d [38], in terms
of achieving stable association with a fully assembled
F1. There is a need to re-assess the e¡ect of the
speci¢c loss of Y6 on other F0 subunits in the light
of the recent proliferation of reports about addition-
al subunits. It seems clear that Y6 occupies a sensi-
tive position in relation to the assembly of other sub-
units within the F0 sector. In a mutant yeast strain
expressing truncated Y6 (40 native residues plus 17
generated by reading frame shift downstream of a
base insertion in the mitochondrial ATP6 gene), sub-
unit b is assembled, suggesting that at least the trans-
membrane domain helix 1 of Y6 may be required as
a nucleation site for assembly of F0 subunits [41].
Interestingly, mtATPase prepared from strains lack-
ing one of several subunits (OSCP, b, d, f, h and j)
also lack Y6 [9,14,16^18,42,43] supporting an inter-
dependence of the interactions of Y6 with several
other subunits in F0 assembly.

3.2. Subunit 9

Subunit 9, also known as the DCCD-binding pro-
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teolipid, has a primary sequence that is well con-
served across species and includes a number of in-
variant residues (see [8]). This subunit has long been
recognised to have a hairpin topology, with the
transmembrane domains (residues 11^29 (h1), and
53^71 (h2)) separated by a small loop of polar resi-
dues that protrudes into the mitochondrial matrix
[8,28,44,45]. Structural analysis by NMR spectrosco-
py supports the hairpin model [46]. Recent work
strongly supports a stoichiometry of 12 for subunit
9, with the subunit monomers arranged in a ring
[47,48]. Rotation of this ring with respect to subunit
6 is proposed as a key element of models of proton
channel function proposed by several research
groups in the ¢eld. In the earliest model of rotational
catalysis subunit a (6) was envisaged to rotate within
the oligomeric ring of subunit c (9) [49,50], but sub-
unit a (6) is now envisaged as located outside of the
subunit c (9) ring [51^55].

Functional domains of Y9 were investigated
through analysis of a series of strains carrying natu-
rally occurring mutations in the mitochondrial gene
for this subunit. For example, substitution at Gly-18
led to failure of Y9 to assemble, while substitution at
Gly-23 resulted in defective function of mtATPase
that was otherwise assembled properly (see [8,56]).
Mutant strains having defective assembly of Y9
also showed a failure of both subunits 6 and 8 to
assemble [38] and suggest an important role of Y9 in
assembly of the F0 sector. These same strains also
showed pleiotropic e¡ects in the assembly of cyto-
chrome c oxidase, implying the assembly of F0 sector
may also be important for other mitochondrial res-
piratory complexes. Study of a strain having the sub-
stitution Arg-39CMet and two revertants showed
the absolute requirement for a positive charge in
the polar loop between the two transmembrane do-
mains, h1 and h2 [8]. There is evidence in support of
interaction between the loop of subunit c in bacteria
and chloroplasts with F1 (see [57]).

The analysis of yeast strains that are resistant to
inhibitors that block proton £ow through the enzyme
complex (such as oligomycin, venturicidin and TET-
Br) due to mutations in mtDNA, enabled identi¢ca-
tion of regions in subunit 9 implicated in proton
translocation. Thus, Gly-23 in h1, a cluster of amino
acids in h2 (Leu-53, Ala-56, Leu-57, Phe-64, Leu-65)
and a single residue in the polar loop between the

two transmembrane domains (Ser-42) were, on this
basis, suggested to be involved in binding of oligo-
mycin and/or venturicidin (see [8,58]). The bacterial
equivalent of Glu-59 has been identi¢ed as the H�-
binding site in F0 and is considered to undergo pro-
tonation^deprotonation as each H� is transported
[59,60]. The identi¢cation of domains in Y6 that in-
£uence oligomycin resistance (see above) is consistent
with the view that proton translocation through F0

requires the concerted action of Y9 (subunit c) and
Y6 (subunit a).

4. Subunits having unassigned requirement for
function

4.1. Subunit 8

Subunit 8 (Y8), the third of the mitochondrially
encoded subunits of the yeast F0 sector, is unique
to mtATPase of fungi and mammals (denoted A6L
in the latter). It was suggested by the study of natu-
rally occurring mutants that this subunit has an es-
sential structural role in mtATPase, being required
for the assembly of a functional F0 sector [61]. How-
ever, evidence for a speci¢c role in function of the
complex has proved harder to establish. One ap-
proach to probing function was taken by Grandier-
Vazeille et al. [62] who studied the e¡ects of binding
of polyclonal antibodies speci¢c for Y8 on mtATP-
ase activity in isolated mitochondria. Anti-subunit
8 antibodies enhanced respiratory control and stimu-
lated the ATP synthesis rate resulting in an increase
in the ATP/O ratio without modi¢cation of proton
permeability of the membrane. Antibody binding
was considered to have modi¢ed the conformation
of the F0 sector and, in turn, that of the F1 sector.
On this basis, it was proposed that, in addition to its
role in assembly of mtATPase, Y8 may have a neg-
ative regulatory role in oxidative phosphorylation
[62].

We introduced the technique of allotopic expres-
sion [29] to study the structure/function of Y8,
whereby an arti¢cial gene encoding Y8 is expressed
in the nucleus of cells lacking a functional version of
the corresponding mitochondrial gene, to generate
assembly of a functional mtATPase complex. Such
cells expressing an essentially unmodi¢ed version of
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Y8 have ATP synthesis and hydrolysis rates, as well
as e¤ciency of oxidative phosphorylation, very sim-
ilar to those of the parental wild-type strain in which
Y8 is naturally expressed in mitochondria [63]. Allo-
topic expression has provided the opportunity to
generate mutants of this subunit by site-directed mu-
tagenesis of the arti¢cial nuclear gene. The functional
consequences of expression of variants of Y8 can
thus be assessed in order to probe the relation be-
tween structure and function, and other aspects of
Y8 topology and subunit interactions.

To this end, many variants have been allotopically
expressed in cells lacking endogenous Y8. From such
studies, the positively charged C-terminal region has
been shown to be required for assembly of Y8 into
the F0 sector [64^66]. The central hydrophobic do-
main (CHD) of Y8, residues 14^32, considered to
represent a transmembrane domain, is generally
able to accommodate charged residues without
grossly impairing the assembly and function of Y8
in mtATPase [63,67^69]. The functional expression in
yeast of subunit 8 from Aspergillus nidulans [70],
which has only about 50% sequence homology, but
shares the presence of CHD and C-terminal charged
residues with Y8, con¢rmed that the conserved struc-
tural motifs of subunit 8 are important for function
rather than particular amino acid residues.

As part of these studies, we investigated the re-
quirement for the CHD of Y8 to retain its hydro-
phobic character by introducing adjacent negative
charges at di¡erent positions [68]. One such variant,
Leu-23CAsp, Leu-24CAsp, did give rise to cells
which displayed structural and functional alterations
in mtATPase [63]. Such cells were only able to grow
very slowly by oxidative phosphorylation. Measure-
ment of bioenergetic parameters showed major de-
fects in these cells relative to control cells that allo-
topically expressed unmodi¢ed Y8. The overall
activity of the complex was signi¢cantly decreased
and ATP synthesis and state 3 of respiration were
reduced by about 30^40%. Moreover, the physical
coupling between the two sectors of the enzyme, as
well as the stability of the F1 sector itself, were af-
fected as shown by decreased recovery of F0 (8, 9, b,
OSCP, d, h and f) and F1 (K, L, Q) sector subunits in
immunoprecipitates that collected mtATPase from
mitochondrial lysates. Support for a physical cou-
pling defect was provided by the reduction by about

30% of ATP hydrolysis which was almost insensitive
to the F0 inhibitor oligomycin [63]. The defects we
observed are not speci¢c for negative charges at po-
sitions 23 and 24 of Y8. Indeed, cells expressing a Y8
variant having substitution of both residues Leu-23
and Leu-24 by arginines display similar bioenergetic
defects at the whole cell level (I.M. Artika, X. Rou-
cou, P. Nagley, R.J. Devenish, unpublished data).
The structural alterations of mtATPase may not re-
sult from a direct e¡ect of the double aspartate sub-
stitution within Y8, but may be mediated by one or
more other subunits proposed to be involved in the
physical linking of F0 to F1. One possibility is sub-
unit d since in mammalian mitochondria, A6L (bo-
vine homologue of Y8) can be crosslinked to subunit
d [71].

Our conclusion is that Y8 not only performs an
important role in the structure and assembly of
mtATPase, but also in determining its activity (as
suggested above in relation to the ¢ndings of Gran-
dier-Vazeille et al. [62]). In particular, the hydropho-
bic character of amino acids 23 and 24 in the middle
of the putative transmembrane domain of Y8 is es-
sential for coupling proton transport through F0 to
ATP synthesis on F1. Thus, Y8 may take part in
conformational changes that occur between the F0

and the F1 sectors of the enzyme during catalysis.
The potential for Y8 to undergo dynamic movements
(possibly in concert with other F0 subunits) during
proton translocation coupled to ATP synthesis war-
rants further investigation. Such movement may
have in£uence on the rotation of the subunit 9 ring
and on the stator stalk (see below).

4.2. Topology of Y8

Our ¢ndings have indicated that Y8 mediates key
molecular interactions within the complex that are
essential not only for the structure, but also for the
activity of the mitochondrial complex. To under-
stand this in more detail, one needs to know the
topology of Y8 in the enzyme complex. Based on
hydropathy plots, the suggestion has been made
that the CHD of Y8 represents a transmembrane
domain [8,72]. The C-terminus of Y8 was localised
to the matrix by labelling with an a¤nity reagent
which speci¢cally bound primary amines of hydro-
philic protein domains of integral membrane proteins
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exposed in a preparation of inside-out inner mem-
brane vesicles. The reagent labelled only the A-amino
group of Lys-47, this residue having the only free
amino group in Y8 (since the N-terminal Met residue
is blocked by N-formylation [73]). Antibody binding
experiments with mammalian mtATPase [74,75] pro-
vided evidence in support of this location for the
C-terminus of subunit 8, but did not enable de¢nitive
identi¢cation of the location of the N-terminus.

In order to resolve the uncertainty about the top-
ology of Y8, we have inserted cysteine residues by
PCR site-directed mutagenesis at the N- and C-ter-
mini of Y8 (A. Stephens, X. Roucou, P. Nagley, R.J.
Devenish, unpublished results). Using the £uorescent
sulfhydryl reagent F5M (£uorescein 5-maleimide,
non-permeant to lipid bilayer membranes) the N-ter-
minal cysteine of modi¢ed Y8 assembled into
mtATPase could be labelled in preparations of intact
mitochondria and, therefore, is accessible from the
aqueous solvent. This indicated that the N-terminus
of Y8 is located in the intermembrane space. Con-
versely, the C-terminal cysteine could be labelled by
F5M only in lysed mitochondria, but in intact mito-
chondria could be labelled with £uorescent CPM (7-
diethylamino-3-(4P-maleimidylphenyl)-4-methylcou-
marin, permeant to the lipid bilayer). Moreover, in
intact mitochondria, mersalyl (highly non-permeant
to the bilayer) e¤ciently suppressed F5M labelling of
the N-terminus of Y8 assembled into mtATPase. In
lysed mitochondria, mersalyl suppressed labelling by
both reagents at both the N- and C-termini of Y8.
These data clearly indicate Y8 to have a transmem-
brane domain, with the C-terminus accessible from
the matrix. Penetrating questions can now be posed
in the context of a possible dynamic role for Y8 in
F0, given its transmembrane topology in the native
state and its ability to tolerate charged residues with-
in the transmembrane domain. For example, when
expressed as a variant containing charged residues
in the transmembrane domain, must the protein ob-
ligatorily maintain a transmembrane topology or can
it adopt another functional topology with respect to
the inner membrane?

4.3. The putative stator stalk subunits

Recent studies have demonstrated that one ele-
ment of the mechanism driving ATP synthesis is

the rotation of the Q and A (mitochondrial homo-
logue N) subunits in the F1 sector of the complex
[3,4]. The coupling process is now thought to involve
a ring of subunit 9 (c) monomers rotating relative to
subunit 6 (a). Thus, a stator stalk is proposed [76] to
prevent the futile rotation of the K3L3 hexamer rela-
tive to the remainder of the complex (Fig. 1). A
second stalk has been visualised in Escherichia coli
[5] and evidence has been presented for a stator stalk
of comprised of subunits b and N [77,78]. Conserva-
tion of the general mechanism of ATP synthesis be-
tween the F1F0-ATPases would suggest that a stator
of similar structure exists in mitochondrial enzymes.
Indeed, second stalks visualised by electron micros-
copy have been reported for the chloroplast and bo-
vine mitochondrial enzymes [6,7]. In eucaryotes, sub-
units b and OSCP, which are homologues of the
bacterial subunits b and N respectively, would be
prime candidates for components of a stator stalk
in mtATPase. The composition of the stator in high-
er organisms may be more complex than that in bac-
teria because mtATPase contains additional subunits
that do not have any bacterial homologue.

In order to have an understanding of the structure
and function of this stator stalk in the eucaryotic
mtATPase, it is important to know the identity and
number of each subunit within the enzyme complex.
However, the stoichiometry and composition of sev-
eral subunits in mtATPase enzymes remains ill-de-
¢ned. It is generally agreed that bacterial ATP syn-
thase contains two identical copies of subunit b per
complex, and the corresponding chloroplast enzyme
contains one copy each of two non-identical but ho-
mologous subunits, b and bP (I and II). By contrast,
in the mammalian system, the stoichiometry of sub-
unit b and other possible stator stalk components
such as OSCP, d and F6 varies according to the re-
port. Collinson et al. [79] determined the molar ratio
of b:OSCP:d:F6 in the bovine system to be 1:1:1:1,
while Hekman et al. [75] proposed a stoichiometry of
2:1:1:2 for the same group of subunits. Some sup-
port for a stoichiometry of 2 for subunit b comes
from the earlier studies of Lippe et al. [80] in the
bovine enzyme. A stoichiometry of 1 for OSCP re-
ported by Collinson et al. and Hekman et al. contra-
dicts the earlier report of Penin et al. [81] who pro-
posed a stoichiometry of 2 for OSCP in the porcine
enzyme.
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We have recently resolved the question of the stoi-
chiometry of yeast subunits b, OSCP and d using Ni-
NTA a¤nity chromatography by which intact
mtATPase complexes incorporating a hexahistidine
(h6)-tagged subunit can be isolated [82]. Strains
were constructed in which h6-tagged versions of
each of the three subunits were co-expressed with

the corresponding wild-type subunit resulting in a
mixed population of mtATPase complexes contain-
ing untagged wild-type and h6-tagged subunits. The
stoichiometry of each subunit was then assessed by
determining whether or not untagged wild-type sub-
unit could be recovered from Ni-NTA puri¢cations
as an integral component of those complexes ab-
sorbed by virtue of the h6-tagged subunit. As only
the h6-tagged subunit was recovered from such pu-
ri¢cations, it was concluded that the stoichiometry of
subunits d, OSCP and b, in yeast, is one in each case
[30]. Independently, by means of radiochemical label-
ling of cysteinyl groups, the stoichiometry of subunit
b in yeast was shown to be 1 [83].

In E. coli, the stoichiometry of subunit b and the N
subunit (OSCP homologue) is well established as b2N
[84,85]. The N-terminal portion of subunit b is an-
chored in the membrane; however, the remainder of
the protein is considered to form an K-helical seg-
ment which extends away from the membrane and
interacts with the F1 sector [86]. Chemical crosslink-
ing experiments suggest that the C-terminal portion
of subunit b interacts with the N subunit, which in
turn interacts with subunits of the F1 sector [77,87].
An equivalent interaction between subunits b and
OSCP in yeast has been demonstrated using two hy-
brid analysis [39].

The stoichiometry of one for subunit b in yeast
contrasts with the two copies of this subunit in the
bacterial enzyme. This di¡erence in stoichiometry
means that in mtATPase either another subunit ful-
¢lls the role of the second copy of b or that the stator
stalk has a di¡erent composition to that found in the
bacterial enzyme. It should be noted that consider-
able (approximately 30%) homology has been re-
ported between bovine OSCP and the hydrophilic
C-terminal region of the bacterial N subunit [88].
Thus, OSCP in the eucaryotic complex may ful¢ll
the role of both the second b subunit and N.

OSCP is known to have important structural links
to the proton channel portion of F0. On the other
hand, speci¢c functional links between OSCP and the
proton channel have been suggested, but not un-
equivocally demonstrated. For example, expression
in yeast of an OSCP variant having the substitution
Gly-166CAsp results in an open proton channel, or
proton leak through F0 under state 4 respiration
conditions (that is exquisitely sensitive to very low

Fig. 1. Schematic representation of yeast mitochondrial ATP
synthase. A schematic representation of yeast mtATPase includ-
ing the more recently identi¢ed subunits is shown (see Table 1
for details of subunit composition). Two stalks connecting F1

with F0 are depicted; the central stalk is comprised of subunits
Q, N and A, while the stator stalk (depicted at the left) is pro-
posed to comprise OSCP together with subunit b and d. Sub-
units b, d, OSCP, e, f, h and i/j are depicted in positions indi-
cated by the results of crosslinking experiments (both in the
yeast and bovine systems), as well as on the basis of e¡ects on
other subunits, especially subunit 6, observed following disrup-
tion of individual subunit genes (see text). Subunit k, one of
three subunits proposed to be involved in formation of the
ATP synthase dimer (the others being subunits e and g) is de-
picted as a membrane peripheral protein localised on the inner
membrane space surface of the inner membrane in close prox-
imity to subunits e and g. The components of the inhibitor
complex, subunits Inh1p, 9 kDa and 15 kDa, have been ex-
cluded from the ¢gure for clarity. Protons are depicted as pass-
ing through the inner mitochondrial membrane (narrow arrow;
see text for details of the proton channel) to reach the F1 sec-
tor. ATP synthesis is indicated as occurring at the interface of
the K and L subunits (see [1]).
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concentrations of oligomycin), but normal proton
channel function under state 3 respiration conditions
(G. Boyle, M. Prescott, P. Nagley, R.J. Devenish,
unpublished data). These results are interpreted to
mean that OSCP has a role in modulating proton
conductance through the complex, in support of sev-
eral earlier observations in bacteria and chloroplast
systems concerning the role of the N subunit [89,90].
Further work is needed to establish whether such
phenomena are due merely to futile rotation of F1

or to some direct involvement of conformational and
functional changes in OSCP or other F0 subunits.
Recently, it has been shown that subunit N can alter
the catalytic reaction occurring on F1, and that this
subunit undergoes signi¢cant conformational altera-
tions depending on the catalytic state of the enzyme
[91]. Clearly, a better understanding of the function
of OSCP (N) is required. In relation to this goal, it
will be important to gain more structural informa-
tion for OSCP and, in particular, to identify the pre-
cise location of the subunit in relation to other sub-
units and to investigate possible conformational
changes in the subunit during catalysis as suggested
by the observations of Svergun et al. [91].

Alternatively, the role of the second copy of sub-
unit b may be ful¢lled by a subunit for which there is
no homologue in bacteria. We have suggested [30]
that in yeast, subunit d in combination with Y8
may take the place of a second subunit b. The func-
tion of the small membrane integral and hydropho-
bic Y8 would be to replace, in functional terms, the
membrane-anchored N-terminal region of subunit b.
Evidence in support of the requisite proximity of the
two subunits comes from the observation that bovine
subunit d could be crosslinked to subunit A6L (bo-
vine homologue of Y8 [71]). As stated above, the
C-terminal portion of Y8 includes three positively
charged residues and extends into the matrix; Y8
would thus be available to make contact with sub-
unit d. A closer examination of the relationship of
subunits 8 and d in yeast is warranted not only in
terms of stator stalk structure in yeast, but also in
terms of possible dynamic movements of Y8 in
mtATPase regulation (see above).

4.4. Subunits f, h and i/j

4.4.1. Subunit f
Subunit f was originally identi¢ed as a component

of highly puri¢ed bovine mtATPase [92] and subse-
quently shown to be present in functionally active
complexes [93]. The N-terminal region was shown
to be exposed on the matrix side, and the C-terminus
on the cytosolic side, of the mitochondrial inner
membrane, suggesting subunit f spans the membrane
once only. Furthermore, crosslinking studies showed
that subunit f is in close proximity to A6L (homol-
ogous to subunit 8) and subunit g [93]. In parallel
studies, a novel protein showing signi¢cant homol-
ogy to bovine subunit f was identi¢ed in highly pu-
ri¢ed yeast mtATPase and named subunit f [17]. The
yeast protein contains a short hydrophobic stretch
near its C-terminus and remained associated with
other F0 subunits upon stripping of the F1 sector.
Deletion of the gene encoding subunit f resulted in
cells that were unable to grow by oxidative phos-
phorylation, and showed no oligomycin-sensitive
ATPase activity, although the F1 sector showed
high levels of activity. Immunoprecipitation of
mtATPase from the null mutant revealed that com-
plexes lacked subunit f as well as subunits 6 and 8,
and contained decreased amounts of other F0 sub-
units [17]. Crosslinking studies have indicated a close
proximity between subunit f and subunit b [83].

4.4.2. Subunit h
Subunit h is a component of yeast mtATPase [18]

unique to yeast; to date, no subunit h homologue
has been identi¢ed in mammalian complexes or any
other species. Deletion of the gene encoding subunit
h resulted in cells unable to grow by oxidative phos-
phorylation and containing a high proportion of pe-
tite cells. Mitochondria prepared from these cells
showed no oligomycin-sensitive ATPase activity,
although the mitochondria contained normal F1 sec-
tor activity [18]. The levels of subunits d and OSCP
were reduced and subunit 6 was absent from mito-
chondria of this deletion strain [18] leading to a non-
assembled F0 sector. Later studies showed that sub-
unit f was also absent in these mitochondria [17].

4.4.3. Subunit i/j
A small protein of 59 amino acids has been inde-
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pendently characterised in two laboratories as the
product of the ATP18 gene. This subunit is denoted
i by Velours and colleagues [9] and j by Stuart and
colleagues [10]. The protein has the characteristics of
an integral membrane protein with the hydrophobic
N-terminal part presumably representing a single
transmembrane domain. In addition to the confusion
over nomenclature of this subunit there also exists a
disparity in the phenotype of cells lacking its expres-
sion as reported by the two above-mentioned labo-
ratories. This may re£ect di¡erent genetic back-
grounds of the strains used to generate null cells
and the precise nature of the gene constructs. Thus,
total gene deletion reported by Vaillier et al. [9] re-
sulted in cells showing low growth on non-ferment-
able carbon sources. Mutant mitochondria were re-
ported to have a low ADP/O ratio and a decrease
with time in proton pumping after ATP addition. On
the basis of a two-fold reduction in speci¢c ATPase
activity, these authors hypothesised that the observed
decrease in turnover of the mutant enzyme may be
linked to a proton translocation defect through F0.
By contrast, partial deletion and disruption of the
gene in a di¡erent strain led to cells completely de¢-
cient in oligomycin-sensitive ATPase activity and un-
able to grow on non-fermentable carbon sources [10].
Moreover, in this case, the presence of subunit j was
found to be required for the stable expression of
subunits 6 and f.

All three of the subunits, f, h and i/j, could con-
ceivably be involved in mediating proton channel
and/or stator stalk function. It is notable that loss
of each subunit can show e¡ects on subunit 6 as does
loss of putative yeast stator stalk subunits d, OSCP
and d. Further information on the assembly and
possible interaction of all these subunits is necessary
and will provide an area for potentially fruitful in-
vestigation contributing much to our understanding
of F0 structure and assembly.

5. Inter-complex interactions (de¢nition of a new class
of subunit)

5.1. Subunit e

Subunit e was ¢rst identi¢ed by Walker and col-
leagues [27] as a component of bovine mtATPase

complex. Its presence in a highly puri¢ed preparation
of mtATPase together with previously characterised
subunits provided the initial evidence for its classi¢-
cation as a bona ¢de subunit of the bovine complex.
Studies by Hate¢ and colleagues [93] veri¢ed that
subunit e was present in preparations of bovine
mtATPase, having fully oligomycin-sensitive ATPase
and uncoupler-sensitive ATP-32Pi exchange activities,
and that it could be immunoprecipitated with an
antibody directed toward OSCP. Further analysis us-
ing antibodies directed against the C-terminus of
subunit e showed that this region of the polypeptide
was exposed on the cytosolic side of the inner mito-
chondrial membrane. Subunit e was found to be in
close proximity to subunit g upon crosslinking and
appeared to form e^e dimers [93].

A yeast homologue to mammalian subunit e was
identi¢ed by searching of the yeast (S. cerevisiae)
genome sequence database [20]. The protein identi-
¢ed in this manner had previously been characterised
as Tim11p, a component of the TIM (translocase of
inner membrane) complex of the mitochondrial inner
membrane, and as such was considered to be in-
volved in the process of sorting proteins to the in-
ter-membrane space [19]. Further examination by
Arnold et al. showed that subunit e was present in
complexes much larger than the TIM complex, and
could be co-immunoprecipitated with the K subunit
of mtATPase. Furthermore, stable expression of sub-
unit e was shown to require the presence of the mi-
tochondrially encoded F0 sector subunits. It was
therefore concluded that subunit e was a component
of yeast mtATPase [20]. It is was previously held that
in order to classify a yeast protein as an integral
component of mtATPase, the disruption of its gene
should necessarily lead to cells defective in oxidative
phosphorylation (see [94]). Interestingly, disruption
of subunit e resulted in a 50% reduction in both
respiratory activity and cytochrome c oxidase activ-
ity [19]. Recently, subunit e has been proposed as
being essential for the formation of a newly identi-
¢ed, dimeric form of yeast mtATPase. The protein
appears to play a central role in the dimerisation
process [22].

5.2. Subunit g

Bovine subunit g was originally characterised as a
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mtATPase subunit by Walker and colleagues [27]. A
yeast homologue was identi¢ed by means of a yeast
genome database search [21,23]. The yeast protein is
characterised as an integral membrane protein based
on its extractability with sodium carbonate [23] in
agreement with the earlier ¢nding for the bovine pro-
tein [93]. These authors also demonstrated a trans-
membrane topology for the bovine protein, such that
the N- and C-termini are on the matrix and cytosolic
sides of the inner mitochondrial membrane, respec-
tively.

Cells in which the gene encoding subunit g was
insertionally disrupted and therefore lacked expres-
sion of this subunit, retained the ability to grow by
oxidative phosphorylation although having a slower
growth rate compared to control cells. This result
indicates that such cells retain ATP synthetic ca-
pacity su¤cient for growth using respiratory sub-
strates, and that subunit g, therefore, does not play
an essential role in the function of yeast mtATPase.
Moreover, cells apparently contained correctly as-
sembled complexes at normal levels as oligomycin-
sensitive ATP hydrolase activity in mitochondria was
normal [23].

Stuart and colleagues have presented evidence that
subunit g is essential for formation of mtATPase
dimers [22]. These studies used conditions for solubi-
lisation of mitochondrial enzyme complexes based on
low detergent:protein ratios. The monomer form of
the complex generated using higher detergent:protein
ratios apparently does not contain subunit g. On this
basis, Arnold et al. [22] proposed subunit g to be a
component only of the dimeric form of mtATPase.

5.3. Pleiotropic e¡ects on respiratory chain complexes

Interestingly, in the study by Boyle et al. [23] the
absence of subunit g reduced the activity of cyto-
chrome c oxidase by some 26%, and altered the ki-
netic control of this complex as demonstrated by
experiments titrating ATP synthetic activity with cy-
anide. This result indicated that subunit g is required
for maximal levels of cytochrome c oxidase activity
in yeast.

Pleiotropic e¡ects upon respiratory chain com-
plexes, particularly cytochrome c oxidase, have pre-
viously been observed in mutant strains either lack-
ing a particular yeast mtATPase subunit, or express-

ing a mutant variant of that subunit. In particular,
the altered assembly of cytochrome c oxidase has
been observed, as revealed by reduced levels of opti-
cally detectable cytochromes a+a3 in cells having mu-
tations in subunits 6, 8 and 9 [61,95,96]. However, in
cells lacking subunit g, no reduction in the level of
cytochromes a+a3, or c+c1 and b was observed [23].
Furthermore, it can be assumed that the mitochon-
drially encoded subunits of cytochrome c oxidase
were present in similar amounts in each strain, as
the proportion of respiratory de¢cient petite cells
from cells lacking subunit g was similar to that de-
termined for control cultures. These observations
suggest that gross assembly defects in cytochrome c
oxidase are not responsible for the observed altera-
tions in the activity of this complex in cells lacking
subunit g.

How might subunit g mediate its e¡ect upon cyto-
chrome c oxidase? One possibility is that the role of
subunit g could be mediated through a physical in-
teraction with a component of cytochrome c oxidase.
In support of this notion a speci¢c association of the
bovine mtATPase and cytochrome c oxidase has
been observed in reconstitution studies involving
these two complexes [97]. Indeed, these authors sug-
gested that it was the membrane-bound F0 sector of
mtATPase that interacted with cytochrome c oxi-
dase. It may be through its postulated role in stabil-
ising the dimeric form of mtATPase that subunit g
can in£uence interactions with other components of
the mitochondrial inner membrane. Thus, further in-
vestigation is warranted on the question of how sub-
unit g may mediate a physical association of mtATP-
ase with cytochrome c oxidase, and how kinetic
control of oxidative phosphorylation is exerted by
cytochrome c oxidase.

5.4. Subunit k

Subunit k is a newly recognised component of
mtATPase also characterised as a small (68 amino
acid) dimer-speci¢c subunit [22]. Disruption of the
gene for subunit k shows it to be, like subunits e
and g, non-essential for enzymatically active mtATP-
ase. The role of subunit k in the dimerisation pro-
cess is unclear. Neither is its presence required for
stable expression of subunit e or g, nor did it appear
to be essential for dimer formation. Subunit k ap-
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pears to be peripherally associated with the mito-
chondrial inner membrane, facing the intermembrane
space.

6. Inhibitor complex

It is now amply evident that mtATPase has con-
siderable complexity relative to the bacterial enzyme.
The subtleties of F0 subunit composition, structure
and function are only now being uncovered. With
the description of subunits whose ablation genetically
does not grossly diminish the activity of the complex,
there needs to be a re-evaluation of criteria for the
assignment of subunits as integral components or
ancillary components of this enzyme. Therefore, it
may be appropriate to re-appraise the classi¢cation
of those proteins that form the inhibitor complex of
F1. This complex comprises three proteins: the inhib-
itor protein, Inh1p, as well two stabilising factors
Stf1p (9-kDa protein) and Stf2p (15-kDa protein).
Cells lacking expression of these proteins show no
gross growth defects on non-fermentable substrates
[24^26]. Traditionally, they have not been classi¢ed
as subunits of mtATPase on this basis, not being
required for enzymatic function and only associated
with the complex under certain conditions. In this
sense, they can be classi¢ed with the dimer-speci¢c
subunits e, g and k. A more appropriate classi¢cation
of all these subunits might be as regulatory subunits
of mtATPase.

7. Use Of GFP fusions to probe F0 subunit function
and assembly

The green £uorescent protein (GFP) of Aequorea
victoria has proven very useful in studying events
within cells. Potentially GFP can be used to inves-
tigate and visualise in situ the spatial and temporal
distribution of mtATPase, particularly the recently
identi¢ed dimeric form of the complex, as well as
to study interactions between mtATPase and other
mitochondrial enzyme complexes.

The potential versatility of mtATPase subunit-
GFP fusions in providing novel insights into the for-
mation, function and topology of mtATPase has
been demonstrated in yeast. Three subunits, OSCP,

b and d fused at the C-terminal to GFP are able to
replace, in vivo, the function of the respective native
protein ([98]; M. Prescott, P. Gavin, P. Nagley, R.J.
Devenish, unpublished data). Using the technique of
native gel electrophoresis, the ATP synthase solubi-
lised from isolated mitochondria and containing
these fusion proteins was shown to be £uorescent,
fully assembled and enzymatically active as an oligo-
mycin-sensitive ATP hydrolase (Fig. 2). The avail-
ability of such functional subunit-GFP fusions facil-
itates the development of new procedures based on
£uorescence resonance energy transfer (FRET) for
the study of subunit^subunit interactions. To this

Fig. 2. ATP synthase containing a subunit d^GFP fusion is
functional and £uorescent. Lysates of mitochondria isolated
from cells expressing a subunit d^GFP fusion, or from wild-
type cells were subjected to native gel electrophoresis. Equiva-
lent sections of gel were subjected to a number of tests. (A)
Visualisation of protein complexes following staining with Coo-
massie blue. The assembled ATP synthase is indicated by the
arrow at right. (B) Fluorescence due to GFP observed after ex-
citation with laser light at 450 nm. The upper arrow at right of
this panel indicates mitochondrial £uoresence due to GFP
which is associated with mtATPase as intact d^GFP fusion.
The lower arrow at right of this panel indicates the position of
GFP expressed in cells not fused to another protein. (C) In situ
assay for ATP hydrolase activity (the presence of activity is in-
dicated by a white precipitate). (D) Sensitivity of ATP hydro-
lase activity to oligomycin.
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end, we have expressed a pair of subunits (d and
OSCP) each fused to an appropriate variant of
GFP suitable for FRET (a blue £uorescent protein
or a red shifted GFP) in yeast cells lacking the en-
dogenous proteins. One of the GFP variants con-
tained a C-terminal hexahistidine tag. Using Ni-
NTA chromatography assembled complexes contain-
ing both subunit d-GFP and OSCP-BFP fusion pro-
teins could be isolated. Furthermore, isolated mito-
chondria could be shown to have the £uorescent
properties of both GFP variants. Thus, it was shown
that mtATPase can be assembled into active com-
plexes containing not only one, but two di¡erent
subunits fused to variants of GFP suitable for
FRET.

These newly emerging techniques can be applied to
probe the dynamic interactions between subunits, be-
tween mtATPase complexes (dimer formation), as
well as between mtATPase and other mitochondrial
enzyme complexes, such as cytochrome c oxidase.

8. Concluding remarks

While the study of the bacterial ATP synthase has
provided us with an archetype on which to develop
models for mitochondrial complexes, its di¡erent
subunit stoichiometry and more simple composition
mean that some features, such as the composition of
the stator stalk, cannot be simply be directly applied
to mtATPase. The advantage of the yeast system is
that it allows a wide range of molecular biological
approaches to be used for the study of the complex.
At the same time, yeast mtATPase provides a more
suitable model on which to develop our detailed
understanding of the structure and function of the
eucaryotic mtATPase. It is perhaps not surprising
that these bene¢ts have led to new developments in
terms of our ideas concerning subunit composition
and structure of the complex. With a better under-
standing of subunit composition, it will be appropri-
ate to investigate in further detail the assembly of the
F0 sector for which there is a relative paucity of data
[28,99]. A useful approach in this respect may be that
of Stra¡on et al. [100] who studied the e¡ects of
depletion of each of subunits b, OSCP and d on
the cellular levels of other subunits of the complex
to determine a hierarchy of subunit stability that was

interpreted to indicate an order of assembly. The
in£uence of nuclear genes (see [28,99]) on subunit
assembly, both in general, and for speci¢c subunits
also warrants further evaluation.
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