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The Oligomycin Axis of Mitochondrial ATP Synthase:
OSCP and the Proton Channel

Rodney J. Devenish,1 Mark Prescott,1 Glen M. Boyle,2 and Phillip Nagley1,3

Oligomycin has long been known as an inhibitor of mitochondrial ATP synthase, putatively binding
the Fo subunits 9 and 6 that contribute to proton channel function of the complex. As its name implies,
OSCP is the oligomycin sensitivity-conferring protein necessary for the intact enzyme complex to
display sensitivity to oligomycin. Recent advances concerning the structure and mechanism of mi-
tochondrial ATP synthase have led to OSCP now being considered a component of the peripheral
stator stalk rather than a central stalk component. How OSCP confers oligomycin sensitivity on the
enzyme is unknown, but probably reflects important protein–protein interactions made within the as-
sembled complex and transmitted down the stator stalk, thereby influencing proton channel function.
We review here our studies directed toward establishing the stoichiometry, assembly, and function of
OSCP in the context of knowledge of the organization of the stator stalk and the proton channel.

KEY WORDS: Yeast mitochondrial ATP synthase; oligomycin sensitivity-conferring protein (OSCP);
oligomycin; Fo subunit organization; proton channel; stator stalk.

INTRODUCTION

Over the last decade our view of the molecular struc-
ture of F1Fo-ATP synthase has undergone considerable
refinement (see Boyer, 1999; Fillingame, 1999). F1 is
the soluble sector with catalytic sites for ATP synthesis
from ADP and phosphate. The proton channel through the
membrane is within the Fo sector. Further, subunits classi-
fied as belonging to Fo are peripheral to the membrane and
make structural and functional links to F1. Earlier theoreti-
cal predictions of a rotatory mechanism for ATP synthesis
(see Coxet al., 1984; Boyer, 1993) have been supported by
the elegant demonstrations of the rotation of bacterial F1

subunitγ or chloroplast F1 subunitε (mitochondrial ho-
mologs subunitsγandδ, respectively), with respect to the
α3β3 hexamer during ATP hydrolysis (Nojiet al., 1997;
Kato-Yamadaet al., 1998). The primary advances in de-

1 Department of Biochemistry and Molecular Biology, P.O. Box 13D,
Monash University, Victoria 3800, Australia.

2 Current address: Queensland Institute of Medical Research, Herston,
Queensland 4006, Australia.

3 To whom all correspondence should be addressed: e-mail: Phillip.
Nagley@med.monash.edu.au

tailed knowledge of ATP synthase structure include solu-
tion of crystal structures of bovine F1α3β3γ , and of yeast
mitochondrial F1 in association with the subunit 9 ring,
solved by Walker and colleagues (Abrahamset al., 1994;
Stocket al., 1999). The latter structure revealed that sub-
unitsγ andδ of mitochondrial ATP synthase (mtATPase)
together form a footlike structure at the bottom of F1, sit-
ting on the surface of the membrane-embedded subunit
9 ring and contacting the loop region of 6 to 7 monomer
subunit 9 units (Stocket al., 1999). In conjunction with the
recent demonstration that the bacterial homolog of subunit
9 (subunitc) rotates during ATP hydrolysis (Sambongi
et al., 1999), the available evidence supports the existence
of a structural connection between the subunit 9 ring and
γ subunit such that they can rotate in concert. The cou-
pling process is now thought to involve a ring of subunit
9 monomers rotating relative to the membrane integral Fo

subunit 6 (homolog of bacterial subunita). The passage of
protons across the membrane depends on the concerted in-
teractions of a series of charged amino acid side chains in
one transmembrane helix of each of the multiple members
of the subunit 9/c ring and two transmembrane helices of
subunit 6/a (see Dimroth, 2000; Fillingameet al., 2000;
Groth, 2000).
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Fig. 1. Schematic representation of yeast mitochondrial ATP synthase. (A) A schematic representation of yeast mtATPase including the more recently
identified subunits is shown (see Devenishet al., 2000 for details of subunit composition). Two stalks connecting F1 with Fo are depicted; the central
stalk is comprised of subunitsγ , δ, andε, while the stator stalk (depicted at the left) is proposed to comprise OSCP together with subunitb andd with
possible contributions by subunits 8 andf. Subunits are depicted in positions indicated by the results of cross-linking experiments (both in the yeast and
bovine systems), as well as on the basis of effects on other subunits, especially subunit 6, observed following disruption of individual subunit genes
(see Devenishet al., 2000). Subunitk, one of three subunits proposed to be involved in formation of the ATP synthase dimer (the others being subunits
e andg), is depicted as a membrane peripheral protein localized on the inner membrane space surface of the inner membrane in close proximity to
subunitseandg. Protons are depicted as passing through the inner mitochondrial membrane (the proton channel) to reach the F1 sector. ATP synthesis
is indicated as occurring at the interface of theα andβ subunits (see Boyer, 1997). (B) Schematic representation of yeast mtATPase prior to the concept
of the stator stalk and the enumeration of the additional subunits in yeaste, f, g, h, i, andk (modified from Prescottet al., 1996). The full complement
of subunit 9 monomers is not shown. Note the location of OSCP (shaded in gray) then thought of as a component of the central stalk, directly linking
F1, and the membrane-associated Fo.

In parallel to the development of the rotational mech-
anism for ATP synthase, the single stalk “mushroom” view
of the enzyme complex embodying the catalytic F1 sec-
tor connected by a central stalk to the membrane Fo sector
(see Fig. 1) has been supplanted by a two-stalk model. This
model incorporates the previous basic structural arrange-
ment including a central stalk, but introduces a second pe-
ripherally located stator stalk (Wilkens and Capaldi, 1998;
Bottscheret al., 1998; Karrasch and Walker, 1999). The
stator stalk was proposed (Engelbrecht and Junge, 1997)
to prevent the futile rotation of theα3β3 hexamer relative
to the remainder of the complex (see Fig. 1). InE. coli,
this stalk is comprised of subunitsb andδ (Ogilvie et al.,
1997; Rodgers and Capaldi, 1998). Subunitδ is the bac-
terial homolog of OSCP (Ovchinnikovet al., 1984a,b).
Subunitb, present in two copies per bacterial ATP syn-

thase complex, extends from the membrane up the side
of the α3β3 hexamer to contact bacterial subunitδ (see
McLachlin et al., 2000), which interacts with the top of
theα3β3 hexamer (Wilkenset al., 2000). Eukaryotic sub-
unit b (homolog of the bacterial subunitb) and OSCP
are the prime candidates for components of a stator stalk
in mtATPase. However, the composition of the stator in
mtATPase is evidently more complex than that in bacte-
ria because mtATPase contains additional subunits that
do not have any bacterial homolog (see Devenishet al.,
2000). Possible candidate subunits included and 8 of
the Fo sector. Subunitb is present in only one copy in
mtATPase (Hekmanet al., 1991; Collinsonet al., 1996;
Batesonet al., 1999).

The yeast,Saccharomyces cerevisiae, has provided
an attractive system for the analysis of OSCP and other
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mtATPase subunits. The highly developed system of
molecular genetic manipulation available in this unicellu-
lar eukaryote permits the genes for mtATPase subunits to
be manipulated and questions of stoichiometry, structure,
and function to be addressed. This review focuses on un-
derstanding the oligomycin axis within mtATPase, in par-
ticular, how OSCP influences proton channel function and
acts to confer upon the complex sensitivity to oligomycin.
Our studies commenced in the early 1980s with mitochon-
drial molecular genetic analysis to define the mitochon-
drial oligomycin-resistance loci and have more recently
focused on the analysis of products of nuclear genes in
yeast.

THE BINDING SITE OF OLIGOMYCIN
IN mtATPase

Oligomycin is an inhibitor of proton translocation
in mtATPase (see Slater, 1967). Sensitivity to oligomycin
can be defined in two contexts. The first relates to the
“coupling” of the enzymein vitro and assayed in terms
of oligomycin-sensitive ATP hydrolytic (ATPase) activ-
ity. It is a measure of the structural integrity of the enzyme
such that detachment of F1 from Fo leads to a decrease in
oligomycin-sensitive ATPase activity (Tzagoloff, 1970).
ATP hydrolysis by F1 takes place, but without the coupling
of ATP hydrolysis to extrusion of protons through Fo, the
sensitivity to oligomycin is no longer evident. The sec-
ond relates to the ability of the assembled complexin vivo
to bind oligomycin and is dependent on the mitochondri-
ally encoded amino acid sequence of individual mtATPase
subunits. Thus, in yeast, aside from plasma membrane per-
meability mutants, the oligomycin resistance phenotype
is conferred by mutations in one of two mitochondrially
encoded genes (oli1 andoli2), those encoding the Fo sub-
units 6 (Y6) and 9 (Y9), respectively. These membrane-
integral proteolipid subunits also form the proton channel
of mtATPase (see Nagley, 1988; Coxet al., 1992).

Y6 is predicted to span the inner mitochondrial mem-
brane at least five times (Nagley, 1988), mirroring the
topology demonstrated for the bacterial homolog of Y6,
subunita (see Devenishet al., 2000). The two helices
most proximal to the C-terminus of Y6, designated h4
and h5 (see Fig. 2), are well conserved across species and
contain those residues considered to be involved in pro-
ton translocation, Arg186, His195, and Glu233 (homol-
ogous to residues Arg210, Glu219, and His245 of bacte-
rial subunita respectively; for reviews see Nagley, 1988;
Weber and Senior, 1997; Fillingame, 1997). Moreover, h5
of Y6 also contains two residues, Leu232 and Val242, that
when substituted, confer an oligomycin-resistant pheno-
type (Macino and Tzagoloff, 1980; Slottet al., 1983; John

Fig. 2. Schematic representation of subunits 6 (Y6) and 9 (Y9) of yeast
mtATPase highlighting residues determining oligomycin resistance. Pro-
teins are represented as thick solid lines; the Y9 protein is drawn in its
hairpin configuration and, for Y6 only, the C-terminal portion of the pro-
tein is drawn. The inferred boundaries of the transmembrane stems are
shown as thin lines and are based on hydropathy plots and consideration
of homology with the corresponding bacterial subunits (see Fillingame
et al., 2000; Viket al., 2000). Charged residues, thought to participate
in proton translocation across the membrane are shown circled. Amino
acid substitutions that confer oligomycin resistance are shown boxed for
yeast and within a diamond for mammalian cells. Orientation of proteins
with respect to the matrix and intermembrane space (IMS) is indicated.
F1 is in the matrix compartment.

and Nagley, 1986). Three other residues have been recog-
nized that can be substituted to confer this phenotype and
lie within the loop connecting h3 and h4 of subunit 6 that
protrudes into the mitochondrial matrix (Fig. 2); these are
Ile171 and Ser175 in yeast (Macino and Tzagoloff, 1980;
John and Nagley, 1986) and Glu172 in the hamster (Breen
et al., 1986).

Y9 also has a primary sequence that is well-
conserved across species and includes a number of in-
variant residues (see Nagley, 1988). This subunit has long
been predicted to have a hairpin topology, recently con-
firmed by NMR spectroscopic analysis (Girvanet al.,
1998), with two the transmembrane domains, denoted h1
and h2, separated by a small loop containing polar residues
that protrudes into the mitochondrial matrix (see Nagley,
1988; Coxet al., 1992). The single charged residue in
the C-terminal transmembrane helix of subunit 9, Glu59
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(corresponding to Asp61 in subunitc), is a key player in
proton channel function.

A number of amino acid substitutions in Y9 confer-
ring resistance to oligomycin (as well as venturicidin and
ossamycin) were determined in studies examining yeast
mutants isolated in our laboratory at Monash University
(Ooiet al., 1985; Nagleyet al., 1986; Nagley and Linnane,
1987; Willson and Nagley, 1987; Galaniset al., 1989), as
well as in other laboratories (for example, Sebaldet al.,
1979; Macino and Tzagoloff, 1980). Together this exten-
sive collection of mutants and the definition of the sub-
stitutions they contain in Y9 led to the definition of an
oligomycin-binding domain. The oligomycin-resistance
domain is centered on Gly23 in h1 and Glu59 in h2, and
thus encompasses both the N- and C-terminal domains of
Y9. It is particularly noteworthy that the bacterial equiva-
lent of Glu59 has been identified as the proton-binding
site in Fo and is considered to undergo protonation–
deprotonation as each proton is transported (for review
see Fillingameet al., 2000). The venturicidin-resistance
domain overlaps the oligomycin-resistance domain
(see Galaniset al., 1989 for details). The ossamycin-
resistance domain encompasses only residues 53 to 57
of h2. These residues also lie close to the boundaries of
the oligomycin- and venturicidin-resistance domains, sug-
gesting that this region of Y9 interacts in some way with
all three inhibitors (see Galaniset al., 1989). It is note-
worthy that one residue, Ser42, of the loop region of Y9 is
found to be substituted in oligomycin resistant revertants
of anoli1 mit− mutant (Sebaldet al., 1979).

The identification of domains in both Y6 and Y9 that
influence oligomycin resistance is consistent with the view
that proton translocation through Fo requires the concerted
action of both subunits. Indeed, it may be postulated that
there is a functional interaction between the C-terminal
region of Y6 (h4 and h5) and the two transmembrane do-
mains of Y9, such that the oligomycin-binding site en-
compasses both subunits 9 and 6. Note that the binding
site is likely to involve the membrane-spanning regions of
both subunits, as well as the Y9 loop and the loop con-
necting h3 and h4 of Y6, since all regions contain residues
that when substituted lead to an oligomycin-resistant phe-
notype. It remains to be determined whether binding of
oligomycin to Fo prevents proton translocation across the
membrane, or impedes the rotation of the subunit 9 ring
relative to subunit 6.

OSCP INTERACTION WITH PROTON
CHANNEL SUBUNITS

It has long been established that OSCP makes im-
portant structural connections between F1 and Fo within

mtATPase (Dupiuset al., 1983; Mukopadhyayet al.,
1992; Joshiet al., 1996,1997; Mao and Mueller, 1997;
Golden and Pedersen, 1998), as well as in the coupling
of proton translocation to ATP synthesis (Pringleet al.,
1990; Mukopadhyayet al., 1992). Although the physi-
cal location of OSCP in mtATPase remains to be defini-
tively established, evidence has been presented in sup-
port of physical contact being made by OSCP with both
the α andβ subunits of F1 (Joshiet al., 1996; Golden
and Petersen, 1998), as well as the C-terminus of sub-
unit b (Velours et al., 1998; Soubannieret al., 1999).
This evidence supports a location for OSCP equivalent
to that of bacterial subunitδ, that is, on the outer up-
per surface of theα3β3 hexamer of F1. Such a loca-
tion for OSCP raises the question of how OSCP modu-
lates proton flux through the distant membrane-integral
Fo sector subunits that constitute the proton channel. It
would seem that such modulation would require subtle
changes in the structure of OSCP to be communicated
elsewhere within the enzyme complex by subunit–subunit
interactions.

We sought to address this issue by expressing in yeast
OSCP variants having either of two defined substitutions,
Asp or Asn, of the Gly residue at position 166 (numbered
within mature OSCP). Gly at this position is highly con-
served in OSCP homologs and is equivalent to Gly150 of
E.coli subunitδ. The equivalent substitutions in the bac-
terial subunitδ have previously been shown to abolish
coupling of proton transport through Fo to ATP synthe-
sis or hydrolysis (Hazard and Senior, 1994), such that
Gly150→Asp (G166D) resulted in an assembly defect
and Gly150→Asn (G166N) in an uncoupling of proton
transport.

Our results provide evidence suggesting specific
functional links between OSCP and the proton channel.
Expression of OSCP variant G166D resulted in an open
proton channel, or proton leak through F0 under state 4 res-
piration conditions (that is exquisitely sensitive to very low
concentrations of oligomycin), but normal proton chan-
nel function under state-3 respiration conditions (Boyle
et al., 2000). We have interpreted these results to mean
that OSCP has a role in modulating proton conductance
through the complex. We have not established whether
the phenotype was due merely to futile rotation of F1 or to
some direct involvement of conformational and functional
changes in OSCP or other Fo subunits. A number of ad-
ditional observations provide evidence in support of the
latter possibility.

First, the presence of the OSCP variants G166D or
G166N in the mtATPase complex of intact cells confers
increased sensitivity to oligomycin when measured in in-
tact cells (Boyleet al., 2000). This increased sensitivity
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was not due to an alteration of levels of mtATPase in
the OSCP variant cells, as immunoblot analysis indicated
equivalent levels of OSCP and other subunits when com-
pared to control cells. This finding suggested that the
functional interaction of F1 with Fo mediated by OSCP
was intact, but modulated in some way. This change
may be due to an induced structural alteration at the
inhibitor-binding sites in Fo (more efficient binding of
oligomycin) or modulation of the transmission of the
inhibitory effects of oligomycin through the complex
to F1.

Second, mtATPase complexes from the same OSCP
variant strains are structurally unstablein vitro (following
solubilization of mitochondrial membranes) as judged by
measurement of ATPase activity. Total ATPase rates were
similar for control and variant strains indicating that the
mitochondrial preparations assayed contained the same
amount of assembled F1. However, while the ATPase ac-
tivity of control mitochondria was inhibited by 77% in
the presence of oligomycin (consistent with the levels
of activity routinely obtained with mitochondria prepared
from wild-type yeast cells), the oligomycin-sensitive AT-
Pase activity by mitochondria isolated from cells express-
ing OSCP variants was significantly reduced, to 11% for
G166D and 27% for G166N. Confirmatory evidence in
support of instability of mtATPase complexes was ob-
tained by determining levels of assembled mtATPase us-
ing immunoprecipitation with a monoclonal antibody di-
rected against theβ subunit (Hadikusumoet al., 1984)
coupled to Sepharose beads. It was apparent that the
amount of intact complex recovered from mitochondria
prepared from the OSCP variant strains was reduced when
compared to that recovered from control mitochondria
(Boyleet al., 2000).

Finally, there is the recent demonstration in the
chloroplast complex that the OSCP homolog, subunitδ,
can alter the catalytic reaction occurring on F1, and that
this subunit undergoes significant conformational alter-
ations depending on the catalytic state of the enzyme
(Svergunet al., 1998).

The importance of contacts made by OSCP with other
subunits of the complex is emphasized by the results ob-
served upon the expression of the cDNA for rat OSCP
in yeast cells lacking endogenous OSCP. Rat OSCP is
able to restore mtATPase function in such cells (Prescott
et al., 1995); however, these cells express a number of
phenotypes that are not observed in cells expressing native
yeast OSCP. Cells expressing rat OSCP showed a late on-
set of logarithmic growth at 35◦C in liquid growth medium
and an increased sensitivity to oligomycin (similar to that
of cells expressing yeast OSCP variants discussed above).

Further, upon isolation of mtATPase (by immunoprecipi-
tation from mitochondrial lysates), there is found to be an
instability of complexes containing rat OSCP compared
to those containing yeast OSCP. These phenotypes are
ascribed to changes in protein–protein contacts normally
made by OSCP. Thus, rat OSCP, which has 58% overall
homology with the yeast protein, is able to maintain the
essential contacts normally made by yeast OSCP, but they
are subtly altered to produce the observed phenotypes.
That fact that there are, nevertheless, changes in the con-
tacts made by rat OSCP is shown by the demonstration
that variants having either of the substitutions G166N or
G166D were no longer able to functionally replace yeast
OSCP (M. Prescott, G. M. Boyle, P. Nagley, and R. J.
Devenish, unpublished data 1998).

In conclusion to these studies, it is evident that substi-
tution at G166 markedly decreased the stability of OSCP.
Thus, G166 is important for a stable interaction of OSCP
with mtATPase and without the ability to form a stable
interaction the unassembled subunits are removed, pre-
sumably by proteolysis. To further understand the con-
tacts made by G166 with other subunits in the complex
will require the three-dimensional structure of OSCP to
be determined and to precisely locate OSCP (and G166)
with respect to F1 subunits.

The growth and oligomycin-sensitivity phenotypes
associated with expression of rat OSCP in yeast cells of-
fered the possibility of mapping regions of OSCP respon-
sible for conferring these phenotypic differences. We ex-
pressed hybrid yeast/rat OSCP proteins (see Fig. 3) with
the aim of defining such “functional” domains. Strain
OCA1 in which the C-terminal 40 residues of rat OSCP
replaces the equivalent yeast residues showed a twofold
increase in oligomycin sensitivity relative to that shown
by a strain expressing yeast OSCP. Strain OCA2, in which
the C-terminal 69 residue segment of rat OSCP replaced
the corresponding region in yeast, showed a more marked
increase in sensitivity; the sensitivity was comparable to
that of the strain expressing rat OSCP. This can be com-
pared to data obtained with strains OCA4, 5, and 6 that ex-
pressed hybrid proteins in which the rat C-terminal 40, 69,
or 151 residues were replaced with the corresponding re-
gions of yeast. These strains showed significant growth at
higher concentrations of oligomycin, such that for OCA5
and OCA6 growth was comparable to that of the con-
trol strain expressing yeast OSCP (see Fig. 3). These re-
sults suggest that in yeast/rat OSCP hybrids, the source of
the C-terminal 40 residues is important for determining
the level of oligomycin sensitivity shown by whole yeast
cells. This correlates with the importance of the region
containing Gly166.
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Fig. 3. Growth of strains expressing yeast/rat hybrid OSCP. The yeast and rat OSCP plus yeast/rat OSCP hybrid (designated OCA1–6) coding regions
are represented by shaded bars. Gray shading represents yeast segments and black bars represent rat segments. The mitochondrial targeting sequence
is represented by a white bar for yeast and a hatched bar for the rat. The scissor symbol indicates the site of cleavage of the precursor protein by
mitochondrial matrix protease. The positions of the mutations introduced to specify restriction sites, which allow segment swapping, are indicated
by vertical solid lines. The numbers below these lines indicate the residue numbers in the mature protein, which are the fusion points between the
OSCP proteins. To assess growth, cells expressing these OSCP variants were replica-plated onto either solid YEPE medium alone or the same medium
containing indicated concentrations of oligomycin. Plates were then incubated at 28◦C for 4 days, or at 36◦C for 5 days, before scoring the level of
growth. Growth was related to a parental control strain YRD15 (not shown; which was scored as 5+ on YEPE at 28◦C): 4+, strong growth, slightly
less than YRD15; 3+, normal growth; 2+, less than normal growth;+, weak growth;−, no growth.

The yeast OSCP variants conferred on mtATPase
a less debilitating effect than did the expression of the
equivalent variants of subunitδ in bacteria (Hazard and Se-
nior, 1994). This may reflect differences in the molecular
architecture and subunit composition of mtATPase com-
pared with bacterial ATP synthase (see Devenishet al.,
2000). In this context it is noteworthy that the bacte-
rial complex is only weakly inhibited by oligomycin, but
strongly inhibited by venturicidin (Perlinet al., 1985). One
possible explanation is that the additional subunit compo-
nents of Fo in the mitochondrial complex facilitate bind-

ing of oligomycin, or mediate, at least in part, the effect
of oligomycin on proton flow through the proton channel.

STOICHIOMETRY AND ASSEMBLY OF OSCP

In the context of establishing a detailed structure for
Fo, several investigators have determined the stoichiom-
etry of OSCP together with other subunits. Thus, a stoi-
chiometry for subunitsb:OSCP:d:F6 in the bovine system
was first determined as 2:1:1:2 (Hekmanet al., 1991) and
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later as 1:1:1:1 (Collinsonet al., 1996). The stoichiometry
of 1 for OSCP from these reports contradicts the earlier
report of a stoichiometry of 2 for OSCP in the porcine
enzyme (Peninet al., 1985). To address the question of
the stoichiometry of OSCP in yeast, we developed an
approach that utilized Ni–NTA affinity chromatography,
such that intact mtATPase complexes incorporating a hex-
ahistidine (h6)-tagged subunit could be isolated (Bateson
et al., 1996). Strains were constructed in which h6-tagged
versions of each of three subunits, OSCP,b, andd, were
coexpressed with the corresponding wild-type subunit re-
sulting in a mixed population of mtATPase complexes con-
taining untagged wild-type and h6-tagged subunits. The
stoichiometry of each subunit was then assessed by de-
termining whether or not the untagged wild-type subunit
could be recovered from Ni-NTA purifications as an inte-
gral component of those complexes absorbed by virtue of
the h6-tagged subunit. As only the h6-tagged subunit was
recovered from such purifications, it was concluded that
the stoichiometry of subunitsd, OSCP, andb, in yeast, is
one in each case (Batesonet al., 1999).

Relatively little data are available concerning the as-
sembly of OSCP, whether considered either as a compo-
nent of the stator stalk or of the overall Fo sector. The
results ofin vitro reconstitution experiments performed
by Collinsonet al. (1994) indicated the primary interac-
tions of OSCP to be with F1 or subunitb and were inter-
preted in the context of the then extant single-stalk models
of mtATPase. Little definitive information was available
for yeast OSCP and thus we sought to examine the as-
sembly of OSCP (in conjunction with subunitsd andb)
using a strategy based on controlled depletion of individ-
ual subunits (Prescottet al., 1994; Lawet al., 1995) and
the measurement by immunoblotting of the abundance of
other subunits, specifically to monitor their retention or
loss. Our observations using this approach (see Straffon
et al., 1998) led us to conclude that subunitb was re-
quired for the continued stability and immunodetection of
both OSCP and subunitd and that OSCP was required for
the continued stability and immunodetection of subunit
d within the cell. Thus, the results indicated a hierarchy
of stability for the three subunits studied. On the basis
that the stabilization of each subunit could be ascribed to
its assembly into nascent mtATPase complexes or a sub-
assembly, we interpreted the order of assembly to be as
follows: subunitb followed by OSCP and then subunit
d (Straffon et al., 1998). It is possible that this assem-
bly of Fo subunits takes place on already assembled F1

complexes.
Our still somewhat limited knowledge of OSCP as-

sembly, and indeed the overall assembly of Fo, especially
in light of the now recognized subunit complexity of Fo

within mtATPase, deserves a more detailed investigation.
Any new information will have to be integrated with the
ordered assembly of the three mitochondrially encoded Fo

subunits 9, 8, and 6 previously recognized in studies car-
ried out by the Monash laboratory (see Coxet al., 1992;
Prescottet al., 1996). Examination of immunoprecipitates
of mtATPase (made using anti-F1-α subunit antibodies)
from mitochondrial lysates, prepared from cells exhaus-
tively depleted of OSCP, revealed that of the three mito-
chondrially encoded subunits only subunit 6 was found to
be absent (Prescottet al., 1994). Moreover, strains lack-
ing one of several other nuclear-encoded Fo subunits also
lack subunit 6, suggesting an interdependence of a number
of subunits, including OSCP, with subunit 6 in Fo assem-
bly (see Devenishet al., 2000). Taken together, the data
concerning yeast Fo assembly can be interpreted as being
dependent on ordered assembly of the mitochondrially
encoded subunits 9, 8, and 6, such that coincident with
assembly of subunit 6 other membrane integral subunits,
such asbandf, assemble with the complex. Since the bulk
of subunitdprotrudes from the membrane into the matrix,
then this provides a scaffold for assembly of OSCP and
subunitd, as suggested by subunit-depletion studies (see
above). The assembly of F1 is likely to precede, or be
coincident with, that of the stator stalk.

The stoichiometry of subunitb, in the bovine and
yeast systems, is one (Hekmanet al., 1991; Collinson
et al., 1994; Spannagelet al., 1998; Batesonet al., 1999).
This raises the question, when comparison is made with
the bacterial complex containing twob subunits, of what
takes the place of the missing subunitb in mtATPase. Con-
sidering the additional Fo subunits found in mtATPase, it
seems most probable that one or more of these Fo subunits
takes the place of the “missing” subunitb. Elsewhere, we
have presented evidence suggesting that subunitd together
with subunit 8 may be components of the stator stalk in
yeast (Devenishet al., 2000; Stephenset al., 2000). An-
other candidate subunit for fulfilling the role of the sec-
ond b subunit in the stator stalk of mtATPase is subunit
F6. Clearly this cannot pertain to the yeast complex be-
cause, although F6 is considered an Fo component of the
mammalian complex, no homolog has yet been identified
in searches of the yeast genome database. To investigate
any possible role for F6 in the yeast complex, we have
expressed the rat cDNA for F6 in yeast cells. Overexpres-
sion of F6 did not confer any obvious growth phenotype
on cells and no association of F6 with mtATPase could
be demonstrated, although the protein was correctly lo-
calised to yeast mitochondria as determined by tagging
F6 with green fluorescent protein (M. Prescott, A. Lour-
bakos, P. Nagley, and R. J. Devenish, unpublished data
1997).
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FUTURE DIRECTIONS

In terms of transmission of long-range conforma-
tional changes, recent, structural evidence concerning the
enzyme complex (see above) helps to delineate possible
transmission “pathways.” Two possible suggestions con-
cerning F1 to Fo communication are that it may occur by
transmission through contacts made by OSCP with theα

andβ subunits, or alternatively through the contact OSCP
makes with subunitb. In the former case, influence could
be exerted via the nucleotide binding/catalytic sites in F1,
or even transmitted further to theγ subunit and then to
other components of the rotor, such as Y9. Alternatively
transmission could occur through the stator stalk to the ro-
tor. Here conformational changes in OSCP could presum-
ably be transmitted from subunitb to Y6 via contacts made
between hydrophobic membrane domains of these two
subunits located in the inner mitochondrial membrane and,
finally, to the Y9 ring, thereby influencing proton transfer.
Close contacts between Y6 and Y9 are established, but
not well defined, on the basis of their involvement in pro-
ton channel function and oligomycin resistance. The nor-
mal structural connections between subunitb and Y6/Y9
in the membrane are beginning to be elucidated through
cross-linking studies (Velourset al., 2000). Details of the
structural connections between the equivalent subunits in
the bacterial complex (see Deckers-Hebestreitet al., 2000;
Fillingameet al., 2000; Vik et al., 2000) should also be
informative when extrapolated to mtATPase, although it is
likely that the contacts seen may be modified by the pres-
ence of additional Fo subunits not present in the bacterial
complex.

The role of subunit 8 (Y8) in proton channel or stalk
function also warrants further examination as substitutions
in Y8 can influence the physical coupling between F1 and
Fo. Cells expressing Y8 variants containing adjacent neg-
ative charges, such as Leu23→Asp and Leu24→Asp
showed functional defects in mtATPase function. Further,
the enzyme showed a 30% reduction in ATPase activity;
the remaining activity was almost insensitive to the Fo in-
hibitor oligomycin (Roucouet al., 1999). Here the struc-
tural alterations resulting in the insensitivity ATPase to
oligomycin may not result from a direct effect of the dou-
ble substitution within Y8, but may be mediated by one or
more other subunits proposed to be involved in the phys-
ical linking of Fo to F1. Primary candidates for subunits
involved in destabilization include subunitsd andf, since
in yeast mitochondria Y8 can be cross linked to these sub-
units (Stephenset al., 2000). Significantly, the efficiency
of cross linking of Y8 to subunitf is quite different when
the mtATPase is actively hydrolyzing ATP, compared to
when it is resting with no nucleotide conversions (A. N.

Stephens, R. J. Devenish, and P. Nagley, unpublished data
2000). This suggests the proximity of Y8 to subunitf varies
according to the activity state of the enzyme complex. One
reason for this may be that cycles of contraction and expan-
sion of the stator stalk and central stalk take place during
active ATP synthesis, as shown for the bacterial enzyme
(Capaldiet al., 2000). These “vertical movements” within
the ATP synthase presumably reflect cyclic storage and re-
lease of energy generated by proton pumping, transduced
to the stator movements and linked to adenine nucleotide
phosphorylation on the active sites of F1-β subunits.

CONCLUDING REMARKS

Clearly, oligomycin has been a powerful tool to dis-
sect structure and function of mtATPase. Improved knowl-
edge of the contacts that OSCP makes in mtATPase will
further elucidate the role of OSCP in structure and function
of mtATPase. Particularly important will be to gain an un-
derstanding of the modulation of these contacts during dif-
ferent bioenergetic phases of enzyme function. The con-
certed interactions and shifts in protein structure that take
place in the ATP synthase complex are an important aspect
of the function of this enzyme in energy transduction. The
study of protein variants relating to the oligomycin axis
should continue to play an important role in understand-
ing the workings of this “splendid molecular machine”
(Boyer, 1997).

ACKNOWLEDGMENTS

Work carried out in the authors’ laboratory was sup-
ported by the Australian Research Council. We thank Dr.
Theo Papakonstantinou for assistance in preparing the fig-
ures and all our student colleagues for their contributions
to the studies reported here.

REFERENCES

Abrahams, J. P., Leslie, A. G. W., Lutter, R., and Walker, J. E. (1994).
Nature (London)370, 621–628.

Bateson, M., Devenish, R. J., Nagley, P., and Prescott, M. (1996).Anal.
Biochem. 238, 14–18.

Bateson, M., Devenish, R. J., Nagley, P., and Prescott, M. (1999).J. Biol.
Chem. 274, 7462–7466.

Bottcher, B., Schwartz, L., and Graber, P. (1998).J. Mol. Biol. 281,
757–762.

Boyer, P. D. (1993).Biochim. Biophys. Acta140, 215–250.
Boyer, P. D. (1997).Annu. Rev. Biochem. 66, 717–749.
Boyer, P. D. (1999).Nature (London)402, 247–248.
Boyle, G. M., Roucou, X., Nagley, P., Devenish, R. J., and Prescott, M.

(2000).J. Bioenerg. Biomembr. 32, 469–481.



P1: FLW

Journal of Bioenergetics and Biomembranes (JOBB) 290839(Oligomycin) January 16, 2001 8:39 Style file version Nov. 07, 2000

Oligomycin Axis of Mitochondrial ATP Synthase 515

Breen, G. A. M., Miller, D. L., Holmans, P. L., and Welch, G. (1986).
J. Biol. Chem. 261, 11680–11685.

Capaldi, R. A., Schulenberg, B., Murray, J., and Aggeler, R. (2000).
J. Exp. Biol. 203, 29–33.

Collinson, I. R., van Raaij, M. J., Runswick, M. J., Buchanan, S. K.,
Fearnley, I. M., Skehel, J. M., Orriss, G. L., Miroux, B., and Walker,
J. E. (1994).J. Mol. Biol. 242, 408–421.

Collinson, I. R., Skehel, J. M., Fearnley, I. M., Runswick, M. J., and
Walker, J. E. (1996).Biochemistry35, 12640–12646.

Cox, G. B., Jans, D. A., Fimmel, A. L., Gibson, F., and Hatch, L. (1984).
Biochim. Biophys. Acta768, 201–208.

Cox, G. B., Devenish, R. J., Gibson, F., Howitt, S. M., and Nagley,
P. (1992). InMolecular Mechanisms in Bioenergetics(Ernster, L.,
ed.), Elsevier, Amsterdam, pp. 283–315.

Deckers-Hebestreit, G., Greie, J.-C., Stalz, W.-D., and Altendorf, K.
(2000).Biochim. Biophys. Acta1458,364–373.

Devenish, R. J., Prescott, M., Roucou, X., and Nagley, P. (2000).Biochim.
Biophys. Acta1458, 428–442.

Dimroth, P. (2000).Biochim. Biophys. Acta1458, 374–386.
Dupuis, A., Satre, M., and Vignais, P. V. (1983).FEBS Lett. 156, 99–

102.
Engelbrecht, S., and Junge, W. (1997).FEBS Lett. 414, 485–491.
Fillingame, R. H. (1997).J. Exp. Biol. 200, 217–224.
Fillingame, R. H. (1999).Science286, 1687–1688.
Fillingame, R. H., Jiang, W., Dmitriev, O. Y., Jones, P. C. (2000).

Biochim. Biophys. Acta1458, 387–403.
Galanis, M., Mattoon, J. R., and Nagley, P. (1989).FEBS Lett. 249,

333–336.
Girvan, M. E., Rastogi, V. K., Abildgaard, F., Markley, J. L. and

Fillingame, R. H. (1998).Biochemistry37, 8817–8824.
Golden, T. R., and Pedersen, P. L. (1998).Biochemistry37, 13871–

13881.
Groth, G. (2000).Biochim. Biophys. Acta1458, 417–427.
Hadikusumo, R. G., Hertzog, P. J., and Marzuki, S. (1984).Biochim.

Biophys. Acta765, 258–267.
Hazard, A. L., and Senior, A. E. (1994).J. Biol. Chem. 269, 427–432.
Hekman, C., Tomich, J. M., and Hatefi, Y. (1991).J. Biol. Chem. 266,

13564–13571.
John, U. P., and Nagley, P. (1986).FEBS Lett. 207, 79–83.
Joshi, S., Cao, G-J., Nath, C., and Shah, J. (1996).Biochemistry35,

12094–12103.
Joshi, S., Cao, G-J., Nath, C., and Shah, J. (1997).Biochemistry36,

10936–10943.
Karrasch, S., and Walker, J. E., (1999).J. Mol. Biol. 290, 379–384.
Kato-Yamada, Y., Noji, H., Yasuda, R., Kinosita Jr., K., and Yoshida, M.

(1998).J. Biol. Chem. 273, 19375–19377.
Law, R. H. P., Manon, S., Devenish, R. J., and Nagley, P. (1995).Methods

Enzymol. 260, 133–163.
Macino, G., and Tzagoloff, A. (1980).Cell 20, 507–517.
Mao, Y., and Mueller, D. M. (1997).Arch. Biochem. Biophys. 337, 8–

16.
McLachlin, D. T., Coveny, A. M., Clark, S. M., and Dunn, S. D. (2000).

J. Biol. Chem. 275, 17571–17577.
Mukopadhyay, A., Zhou, X-Q., Uh, M., and Mueller, D. M. (1992).

J. Biol. Chem.267, 25690–25696.
Nagley, P. (1988).Trends Genet. 4, 46–52.
Nagley, P., Hall, R. M., and Ooi, B. G. (1986).FEBS Lett. 195, 159–163.
Nagley, P., and Linnane, A. W. (1987). InBioenergetics: Structure and

Function of Energy Transducing Systems(Ozawa, T., and Papa, S.,
eds), Japan Scientific Societies Press, Tokyo and Springer-Verlag,
Berlin, pp. 191–204.

Noji, H., Yasuda, R., Yoshida, M., and Kinosita Jr., K. (1997).Nature
(London)386, 299–302.

Ogilvie, I., Aggeler, R., and Capaldi, R. A. (1997).J. Biol. Chem. 272,
16652–16656.

Ooi, B. G., Novitski, C. E., and Nagley, P. (1985).Eur. J. Biochem. 152,
709–714.

Ovchinnikov, Y. A., Modyanov, N. N., Grinkevich, V. A., Aldanova,
N. A., Trubetskaya, O. E., Hundal, T., and Ernster, L. (1984a).
FEBS Lett. 166, 19–22.

Ovchinnikov, Y. A., Modyanov, N. N., Grinkevich, V. A., Kostetsky, P. V.,
Trubetskaya, O. E., Hundal, T., and Ernster, L. (1984b).FEBS Lett.
175, 109–112.

Penin, F., Archinard, P., Moradi-Ameli, M., and Godinot, C. (1985).
Biochim. Biophys. Acta810, 346–353.

Perlin, D. S., Latchney, L. R., and Senior, A. E. (1985).Biochim. Biophys.
Acta807, 238–244.

Prescott, M., Bush, N., Nagley, P., and Devenish, R. J. (1994).Biochem.
Mol. Biol. Int. 34, 789–799.

Prescott, M., Higuti, T., Nagley, P., and Devenish, R. J. (1995).Biochem.
Biophys. Res. Commun. 207, 943–949.

Prescott, M., Devenish, R. J., and Nagley, P. (1996). InProtein targeting
to mitochondria(Hartl, F.-U., ed.), JAI Press, Greenwich, Connecti-
cut, pp. 299–339.

Pringle, M. J., Kenneally, M. K., and Joshi, S. (1990).J. Biol. Chem.
265, 7632–7637.

Rodgers, A. J. W., and Capaldi, R. A. (1998).J. Biol. Chem. 273, 29406–
29410.

Roucou, X., Artika, I. M., Devenish, R. J., and Nagley, P. (1999).Eur. J.
Biochem. 261, 444–451.

Sambongi, Y., Iko, Y., Tanabe, M., Omote, H., Iwamoto-Kihara, A.,
Ueda, I., Yanagida, T., Wada, Y., and Futai, M. (1999).Science
286, 1722–1724.

Sebald, W., Wachter, E., and Tzagoloff, A. (1979).Eur. J. Biochem. 100,
599–607.

Slater, E. C. (1967).Methods Enzymol. X, 48–57.
Slott, E. F., Shade, R. O., and Lansman, R. A. (1983).Mol. Cell. Biol. 3,

1694–1702.
Soubannier, V., Rusconi, F., Vaillier, J., Arselin, G., Chaignepain, S.,

Graves, P. V., Schmitter, J. M., Zhang, J. L., Mueller, D., and
Velours, J. (1999).Biochemistry38, 15017–15024.

Spannagel, C., Vaillier, J., Chaignepain, S., and Velours, J. (1998).Bio-
chemistry37, 615–621.

Stephens, A. N., Roucou, X., Artika, I. M., Devenish, R. J., and Nagley,
P. (2000).Eur. J. Biochem. 267, 6443–6451.

Stock, D., Leslie, A. G. W., and Walker, J. E. (1999).Science286, 1700–
1705.

Straffon, A. F. L., Prescott, M., Nagley, N., and Devenish, R. J. (1998).
Biochim. Biophys. Acta1371, 157–162.

Svergun, D. I., Aldag, I., Sieck, T., Altendorf, K., Koch, M. H. J., Kane,
D. J., Kozin, M. B., and Gruber, G. (1998).Biophys. J. 75, 2212–
2219.

Tzagoloff, A. (1970).J. Biol. Chem. 245, 1545–1551.
Velours, J., Spannagel, C., Chaignepain, S., Vaillier, J., Arselin, G.,

Graves, P. V., Velours, G., and Camougrand, N. (1998).Biochimie
80, 793–801.

Velours, J., Paumard, P., Soubannier, V., Spannagel, C., Vaillier, J., Ar-
selin, G., and Graves, P.-V. (2000).Biochim. Biophys. Acta1458,
443–456.

Vik, S. B., Long, J. C., Wada, T., and Zhang, D. (2000).Biochim. Biophys.
Acta1458, 457–466.

Weber, J., and Senior, A. E. (1997).Biochim. Biophys. Acta1319, 19–58.
Willson T. W., and Nagley, P. (1987).Eur. J. Biochem. 167, 291–297.
Wilkens, S., and Capaldi, R. A. (1998).Nature (London)393, 29.
Wilkens, S., Zhou, J., Nakayama, R., Dunn, S. D., and Capaldi, R. A.

(2000).J. Mol. Biol. 295, 387–391.


